Context: In adults, craniopharyngioma (CP) of either childhood-onset (CO-CP) or adult-onset (AO-CP) is associated with increased morbidity and mortality, but data on the relative risks (RRs) of contributing factors are lacking.
C raniopharyngiomas (CPs) are embryonic malformations that arise within the sellar and suprasellar regions and often infiltrate the pituitary gland and hypothalamus. These tumors may occur at any age but typically demonstrate a bimodal distribution, with peak childhood-onset (CO-CP) and adult-onset (AO-CP) incidence rates occurring between the ages of 5 and 14 years and the ages of 50 and 74 years, respectively (1) . Although CPs are histologically benign, these tumors tend to invade locally, frequently resulting in recurrence even after aggressive surgery (2) and/or radiotherapy (3) .
Previous studies demonstrated that combined populations of pediatric and adult patients with CP but without growth hormone (GH) replacement have morbidity and mortality rates that are four-to ninefold higher than those of the general population (4, 5) and nearly 10-fold higher than those of individuals with other causes of hypopituitarism (6) . The excess morbidity is associated with early disease onset, primary treatment regimen, severity of hypopituitarism, visual disturbances, hypothalamic damage, and initial symptoms of intracranial hypertension (7) (8) (9) (10) (11) , whereas the increased mortality has been attributed mainly to cardio-and cerebrovascular diseases (4) (5) (6) 12) . In patients who had received more contemporary hormone replacement therapy regimens, including GH in those with GH deficiency (GHD) and lower glucocorticoid replacement doses, the overall mortality rate was still at least fourfold higher than expected, whereas in patients treated for nonfunctioning pituitary adenomas and prolactinomas, mortality rates were comparable to those of the reference population (13) . Accordingly, several other studies (14) (15) (16) , including a recent meta-analysis by Pappachan et al. (17) , reported beneficial effects favoring GH replacement in adults with hypopituitarism, including substantial reductions in mortality.
In the current study, the main objective was to evaluate the relative risks (RRs) of contributing factors to excess morbidity and mortality in a large cohort of patients with CP receiving long-term GH replacement. Another objective was to examine the overall and cause-specific mortality rates and comorbidities, specifically cardio-and cerebrovascular diseases, diabetes mellitus (DM), and second brain tumors, of these patients.
Patients and Methods

Patients
Data on 1669 adults with CO-CP (CP diagnosed at ,18 years of age; n = 744) and AO-CP (CP diagnosed at $18 years of age; n = 925) were extracted from KIMS (Pfizer International Metabolic Database), the largest pharmaco-epidemiological surveillance study on GH replacement in adults with GHD. The 16,484 adult patients in KIMS were enrolled between 1994 and 2012 from 28 countries, and data were collected on case report forms by treating physicians at routine clinic visits. All patients included in the current study had confirmed diagnosis of severe GHD by GH stimulation testing or had at least three pituitary hormone deficiencies and a low serum insulinlike growth factor I (IGF-I) standard deviation score (SDS) , 22 , in accordance with current clinical practice guidelines (18, 19) .
The median time from KIMS entry to the last follow-up clinic visit was 5.3 years (range, 0 to 18.3 years), representing a total of 10,284 patient-years.
Data collection into KIMS was approved by the institutional review boards/ethical committees as required by local regulations in each participating center. Written informed consent was obtained from all patients before any data were entered into KIMS.
Methods
All data extracted from the KIMS database were provided from all the participating centers. Follow-up data were analyzed and consisted of average GH dose used, the development of DM, and the reporting of adverse events (AEs) by the participating investigators. DM was defined by physician documentation or use of antidiabetes medication(s) at baseline and/or biochemical data in accordance with the American Diabetes Association guidelines (20) , as previously described (21) .
This study was divided into four parts. In the first part, a cross-sectional analysis was performed by comparing background clinical characteristics of patients with CO-CP and patients with AO-CP to determine whether demographics, phenotypic features, and biochemical parameters differed between the two groups. In the second part, differences in rates of serious AEs (SAEs) between patients with CO-CP and AO-CP were analyzed. In the third part, Cox regression analyses with internal reference were performed with adjustment for age and sex to assess the RRs of the following outcomes: cardio-and cerebrovascular diseases, DM, recurrence of CP, development of new intracranial and extracranial tumors, and all-cause mortality. These outcomes were assessed in relation to covariates hypothesized to systematically influence their rates of occurrence, such as medical history (whether CO-CP or AO-CP, number and type of surgeries, use of radiotherapy, history of stroke, smoking, and naivety to GH replacement), clinical presentation at baseline [age, sex, body mass index (BMI), hypertension, waist circumference, hyperlipidemia, diabetes insipidus, prediabetes defined as hemoglobin A1c value between 5.7% and 6.4%, DM, and metabolic syndrome at baseline based on the International Diabetes Federation definition] (22), IGF-I SDS, and follow-up data during GH replacement (time from baseline, age at KIMS baseline or attained age during follow-up, GH dose, and IGF-I SDS during GH replacement). In the fourth part, rates were compared with those in the general population for available end points (i.e., incidence rates of DM, incidence rates of intracranial tumors and extracranial tumors, respectively, and mortality from all causes, and from cardio-and cerebrovascular causes).
The dose-titration regimens for GH replacement against serum IGF-I levels were prescribed by treating physicians on the basis of local practice. Serum IGF-I and lipid levels were measured centrally, as described previously (23) , and plasma glucose and hemoglobin A1c levels were analyzed locally at each participating center. To make meaningful comparisons between IGF-I measurements and age-and sex-specific reference ranges, IGF-I SDS was calculated according to the following formulae: between 1994 and 1997, IGF-I SDS = [ln (IGF-I) 2 
Statistical methods
For descriptive statistics, means, standard deviations, medians with fifth and 95th percentiles, and proportions (percentages) were calculated depending on the type of variable. For comparisons between patients with CO-CP and AO-CP, heterogeneity tests for nominal or categorical variables were performed with x 2 tests, whereas for numerical variables, Student t tests were performed. A crude presentation was performed to assess the overall incidence rates of reported SAEs presented according to the Medical Dictionary for Regulatory Activities System Organ Class (SOC) level comparing patients with CO-CP and those with AO-CP. The calculation was based on the first SAE in a patient on preferred term level but was presented on Medical Dictionary for Regulatory Activities SOC level. Crude comparisons with incidence rate ratios between patients with CO-CP and those with AO-CP were performed with score tests (25) , whereas 95% confidence intervals (CIs) were calculated with the Byar equation (26) . Significant rate differences on the crude level were further analyzed with adjustment for age and sex by proportional hazard regression.
For the seven specific end points, regression analyses were performed with proportional hazards multiple regression. Time-to-event was defined as years from KIMS baseline to the date of first AE report or, if no event, to last visit date or date of death. Unless defined differently, the end points with hypothesized risk factors measured at baseline were the following: sex (for all risk factors), age at baseline (all), attained age (all), obesity by waist circumference or by BMI as time-dependent (TD) covariates (a, b, c, f, g), DM (a, b, g), and specifically: a) For occurrence of cardiovascular disease: hyperlipidemia (yes vs. no), total cholesterol, hypertension (yes vs. no), systolic and diastolic blood pressure (TD), metabolic syndrome, cardio/cerebrovascular events (TD) in medical history, smoking (yes vs. no), IGF-I SDS (TD), GH dose (TD), and hydrocortisone equivalent dose b) For occurrence of cerebrovascular disease: hyperlipidemia (yes vs. no), total cholesterol, hypertension (yes vs. no), systolic and diastolic blood pressure (TD), cardio/ cerebrovascular events (TD) in medical history, radiotherapy (yes vs. no), diabetes insipidus (yes vs. no), smoking (yes vs. no), IGF-I SDS (TD), and GH dose (TD) c) For occurrence of new DM: hemoglobin A1c, fasting blood glucose, follow-up year after baseline, hydrocortisone equivalent dose, and TD sex and age effects d) For recurrence of CP: surgery (yes vs. no), number and type of surgeries, radiotherapy (yes vs. no), and IGF-I SDS (TD) e) For occurrence of new intracranial malignant tumors:
surgery (yes vs. no), number and type of surgeries, radiotherapy (yes vs. no), previous cancer in medical history, smoking (yes vs. no), and IGF-I SDS (TD) f) For occurrence of new extracranial malignant tumors:
radiotherapy (yes vs. no), previous cancer in medical history, smoking (yes vs. no), and IGF-I SDS (TD) g) For all-cause mortality: myocardial infarction and cerebrovascular disease in medical history (yes vs. no), diabetes insipidus (yes vs. no), adrenocorticotropic hormone deficiency (yes vs. no), radiotherapy, blood pressure, hypertension, smoking (yes vs. no), and IGF-I SDS (TD)
Standardized incidence ratios and standardized mortality ratios were calculated using stratification for attained age, and/or sex, and/or country/region, depending on the level of stratification in the specific external reference. These ratios compare the observed number of cases in the patient group (O) and the expected number of cases (E). The latter number (E) quantifies the expected cases in the patient-group when the patient-group had the same specific rates as the chosen external reference population. Patient-years were calculated from the date of KIMS entry or GH start date (if later than the KIMS entry date) to the date of the studied event or, if no event, the date of the last visit or date of death.
General population (reference) rates for cancer incidence were from the International Agency for Research on Cancer, with cancer incidence from five continents (27) stratified for age, sex, and country. Reference rates for DM were age-and sexspecific from a study on incidence of DM in southern Sweden (28) . The age-, sex-, and region-specific reference rates for mortality were taken from the World Health Organization project Global Burden of Disease (29) . The 95% CIs were calculated with the Byar approximation formula.
In the regression models, CIs and P values were based on likelihood methods (26) . P values ,0.05 were considered statistically significant. Higher risk estimates in combination with a P value ,0.10 were also considered.
Results
Baseline clinical characteristics, medical history, biochemical parameters, and hypothesized risk factors
There were no differences in sex ratio between the patients with CO-CP and those with AO-CP. Compared with patients with AO-CP, patients with CO-CP more often underwent combined surgery and radiotherapy; had less than three pituitary hormone deficiencies; more often had thyroid-stimulating hormone, gonadotropin, and arginine vasopressin deficiencies; underwent longer duration of KIMS follow-up; had lower BMI, waist circumference, systolic and diastolic blood pressure values, fasting glucose level, and hemoglobin A1c value; had more favorable lipid profiles; had lower IGF-I SDS at baseline; and had lower IGF-I SDS at 1 year despite being treated with higher GH doses at 1 year (Table 1) .
At baseline before KIMS entry, more patients with AO-CP were smokers and more often had DM, cardiovascular and cerebrovascular disease, hyperlipidemia, and cancer than those with CO-CP. By contrast, more patients with CO-CP underwent transcranial surgery and combined radiotherapy as well as transcranial and transsphenoidal surgeries, whereas more patients with AO-CP underwent transsphenoidal surgeries (Table 2) .
Factors affecting morbidity and mortality rates
Older age at baseline, history of stroke, and hyperlipidemia were associated with increased risk of cardiovascular disease, whereas higher BMI (P = 0.055) showed a tendency toward increasing that risk. Older age at baseline, higher BMI, and a history of stroke (P = 0.10) increased the risk of cerebrovascular disease, whereas previous radiotherapy exposure (P = 0.058) tended to increase that risk. The risk of developing new DM increased with older age at baseline and with higher waist circumference and baseline hemoglobin A1c level. Female sex conferred a 2.1-fold increased risk at baseline following KIMS entry; thereafter, this risk became TD, with a decreasing rate of 44% per year of follow-up compared with males. This indicated that after 1.5 to 2.5 years of follow-up, rates were similar between sexes, and after 5 to 6 years of follow-up, males showed higher rates. Risk of recurrence of CP was lower in females and in those with previous surgery (vs. no surgery) and previous exposure to radiotherapy and was higher in adult-onset disease. Radiotherapy was associated with a 3.5-fold risk (95% CI: 0.9 to 13; P = 0.067) for developing new intracranial tumors (five de novo malignant brain tumors consisting of high-grade glioblastoma, glioblastoma multiforme, and anaplastic oligoastrocytoma; four meningiomas; and three unspecified primary brain tumors), whereas older attained age with every 10 years from disease onset conferred a 2.3-fold risk for developing new extracranial tumors (Fig. 1) . The risk of extracranial tumors was similar compared with . Unpaired Student t tests were performed for numerical variables. After adjustment for age at baseline and sex, diastolic blood pressure, HDL cholesterol, triglycerides, IGF-I SDS, and GH dose remained significantly different between onset groups.
that of the reference population (standardized incidence ratio = 0.93; Fig. 2 ). Greater and/or increasing BMI, history of stroke, and older age with every 10 years from disease onset were associated with a 1.5-to 3.5-fold risk, respectively, of increased mortality. In addition, IGF-I SDS measured at the last sampling before death or at the corresponding time from baseline for patients who were still alive was inversely associated with all-cause mortality (27% lower rate per unit higher IGF-1 SDS; 95% CI: 213% to 238%; P = 0.0003) (Fig. 1 ). Other variables, as listed in the "Statistical methods" section, were not statistically significant in explaining the variation in risk(s).
Both patients with CO-CP and those with AO-CP showed increased and similar O/E ratios for developing DM (~9.3-fold) and new intracranial malignant tumors (~8.1-fold) and for all-cause mortality (;2.2-fold in the observed time-window of follow-up, stratified by attained age, sex, and region) (Fig. 2) . For cardio-and cerebrovascular mortalities, patients with CO-CP and those with AO-CP showed increased O/E ratios of 2.0-fold (95% CI: 1.20 to 3.20; 18 cases) and 3.2-fold (95% CI: 1.30 to 6.30; 8 cases), respectively, when compared with the general population.
Incidence rates of reported SAEs
There were no significant differences in crude rates of SAEs, except for the SOCs "surgical and medical procedures," "neoplasms benign, malignant, unspecified (including cysts and polyps)," and "infections and infestations,"' respectively (Table 3) . After adjustment for age and sex, the incidence rate ratios were similar [0.40 (95% CI: 0.27 to 0.58) and 0.51 (95% CI: 0.32 to 0.80)] for the first two SOCs above and still significant (P , 0.005) but changed for infections and infestations, from 1.43 (95% CI: 1.02 to 2.00) to 1.16 (95% CI: 0.75 to 1.80).
Discussion
CPs have consistently been associated with higher morbidity and mortality than have other pituitary disorders, which cannot be attributed solely to endocrine abnormalities (7). Despite advances in surgical technique and adjuvant radiotherapy (3), adults with CP continue to have excess morbidity and mortality, for which the RRs of contributing factors remain unclear. In this study, we assessed the RRs of a range of hypothesized factors that may contribute to increased morbidity and mortality of patients with CP by examining data from a large cohort of such patients enrolled in KIMS. Our results demonstrated that conventional factors that increase the risks of cardio-and cerebrovascular diseases and DM in the general population (e.g., history of stroke, hyperlipidemia, increasing BMI, and higher baseline hemoglobin A1c levels) conferred greater risks in patients with CP. In addition, the increased risk of recurrence of CP was associated with a higher number of surgeries and adultonset of the disease, whereas previous radiotherapy and increasing age for every 10 years from disease onset conferred increased risks for developing new intracranial and extracranial tumors, respectively. Furthermore, CP and/or its treatment regimen increased the risks of developing DM and intracranial tumors and early death, whereas lower serum IGF-I levels measured at last sampling before death or at the corresponding time from baseline in patients who were still alive was associated with increased all-cause mortality. When adults with CO-CP were compared with those with AO-CP at KIMS entry, there were more CO-CP patients who underwent both surgery (and more transcranial surgeries) and radiotherapy, implying that larger and more aggressive CP tumors tended to present during childhood. These patients also had lower BMIs and waist circumference measurements and better blood pressure levels, hemoglobin A1c levels, and lipid profiles, suggesting more favorable body composition and cardiometabolic status. In line with previous findings (30) , patients with CO-CP had lower baseline IGF-I SDS than patients with AO-CP, implying that patients with CO-CP may be more GH deficient. In addition, patients with CO-CP had lower IGF-I SDS values at 1 year despite being treated with higher GH doses. The reasons for this observation are unclear and may include a lack of adherence to daily GH injections by patients with CO-CP or the inability of the younger cohort with CO-CP to achieve optimal GH replacement dose after 1 year. By contrast, the less favorable cardiometabolic status in patients with AO-CP may be exacerbated by the fact that there were more smokers and patients who had a history of DM, metabolic syndrome, cardio-and cerebrovascular disease, hyperlipidemia, and cancer. These findings are also in keeping with those reported by Kendall-Taylor et al. (30) in a smaller cohort of patients with CO-CP and AO-CP who were also from the KIMS database and with findings of two older studies comparing adult GHD of mixed etiologies (31, 32) .
In this study, history of stroke and hyperlipidemia conferred approximately sixfold and threefold higher risks of cardiovascular disease, respectively, whereas increasing BMI increased the risk of cerebrovascular disease by approximately twofold. The infrequent prescription of antihypertensive and statin therapy offers a . **Females had hazard ratio = 2.13 vs. males at KIMS baseline, but after 1 to 2 years, the hazard ratio was lower in females (44% decrease per year). ***Surgery per se decreases the risk, but more surgeries indicate increasing risk. HbA1c, hemoglobin A1c; NV, numerical variable (no specific reference range); PY, per year.
plausible explanation and may be reflected by the relatively young age of the CP population, particularly patients with CO-CP. Thus, our data suggest that history of stroke, hyperlipidemia, and higher and/or increasing BMI in adults with either CO-CP or AO-CP are important contributors to increased risk of cardio-and cerebrovascular diseases.
In this study, incidence rates for DM in Sweden were used as a reference because the majority of patients in KIMS were from Europe and these rates have been reported to be comparable to those of other European populations (33, 34) . Similar to patients without hypothalamic-pituitary diseases, adults with CO-CP and AO-CP with higher baseline hemoglobin A1c levels and greater and/or increasing waist circumference had an increased risk of developing new DM. Interestingly, females had higher rates of developing DM at the start of KIMS entry; however, this risk decreased over time: after~1.5 to 2.5 years, to rates seen in males, and after 5 to 6 years, to lower rates than males. These data are consistent with those previously reported from KIMS that showed adults with GHD from a variety of etiologies apart from CP demonstrated a greater incidence of DM, with a female preponderance that was thought to be due to abnormal body composition (33) but an overall incidence of DM after GH replacement that was similar between sexes (21). The reason for the female propensity to develop DM before GH is initiated is unclear and may be attributable to a different expression of GHD with higher visceral adiposity and lower physical activity, in keeping with data previously reported in GH-treated patients with mixed etiologies of hypopituitarism (35) .
It is well known that GH has both mitogenic and antiapoptotic effects (36) and that these actions have led to concerns that long-term GH replacement may increase recurrence rates of CP, although previous studies have indicated that GH replacement is safe (37, 38) . Our findings provide further evidence that long-term GH replacement in adults with CP neither facilitated tumor recurrence nor induced any SAEs. Our study also found that the risk of recurrence of CP was decreased in females and in those with previous radiotherapy exposure and prior surgery but increased in the setting of a greater number of surgeries and the onset of CP in adulthood. Knowledge of these factors is important for the physician when treatment regimens are being formulated for these patients.
In their recent study involving a large cohort of patients in KIMS with hypopituitarism due to pituitary/ sellar lesions, including CP, who were followed up for a median of 5.3 years, Burman et al. (39) found that radiotherapy increased the risk of malignant brain tumors and meningiomas, particularly when treated at younger ages. That same trend of radiotherapy conferring an increased risk of new intracranial tumors was also observed in the current study, although it was not as statistically significant as in the aforementioned study, which may be attributed to a smaller cohort of patients with CP studied. Older age with every 10 years from disease onset might also be a risk for developing new extracranial tumors, but this risk did not exceed the risk of extracranial tumors in the reference population, implying the need for longer-term studies. Taken together, our findings and those of Burman et al. (39) further reinforce the notion that radiotherapy should be used more cautiously.
In three previous studies comprising 485 patients with CP (4, 6, 10), the mortality rate was increased between fourfold and ninefold. This observation was initially thought to be mainly due to cardio-and cerebrovascular diseases (4, 6) , although hypothalamic damage and its treatment regimen(s) (11) , hypopituitarism with inadequately treated hypocortisolism during stress (13) , and insufficient GH replacement (14) have more recently been proposed as important additional contributing factors. By contrast, our study demonstrated a lower allcause mortality rate of 2.2-fold compared with rates of older studies (4, 6, 10) (with cardiovascular and cerebrovascular mortality observed mainly in patients with CO-CP and AO-CP, respectively). This difference may be attributable to recent refinements in surgical techniques, more physiological utilization of glucocorticoid and estrogen replacement doses, and observational bias with closer surveillance of patients on GH replacement in KIMS. Our analysis also found that greater and/or increasing BMI and history of stroke further increased the risk of early death. In addition, because patients with CP had a significantly higher risk of developing new DM and new intracranial tumors after radiotherapy compared with the general population (39), these risk factors may also play a key role in exacerbating the excess mortality of these patients. Furthermore, the risk of developing DM, intracranial tumors, and early death compared with the general population is increased because of having CP and its treatment-related complications. These patients should therefore be considered as having a chronic disease, and ongoing follow-up addressing these comorbidities should be performed beginning at disease onset.
We analyzed IGF-I SDS as a TD covariate, where IGF-I SDS measured at last sampling before death or at the corresponding time from baseline for those still alive was used in the risk calculation of all-cause mortality, and we found that lower IGF-I SDS was related to increased allcause mortality. However, it is noteworthy that the time between the event and the last IGF-I measurement may vary between patients because of the observational nature of how KIMS data were collected. The reasons for these findings are unclear. It is possible that lack of adherence to daily GH injections, reduction in GH responsiveness, or patients discontinuing GH nearing their terminal phase resulted in lower IGF-I SDS before death. Because this was a retrospective study, several limitations are acknowledged. First, the KIMS database was not designed to provide detailed individual information about the degree of tumor invasiveness and the extent of surgical resection, details on the total and fractionated radiotherapy doses administered, and the severity of hypopituitarism. Thus, the role and adequacy of glucocorticoid, sex hormone, and thyroid hormone replacement therapies on the comorbidities cannot be elucidated in this study. Second, we cannot exclude the possibility of patient infrequent use of and/or nonadherence to daily GH injections. Third, given that the patients were enrolled between 1994 and 2012, serum IGF-I levels were measured by several different assays, which could have produced variable results because of the use of different populations to establish reference values. Therefore, for the comparison of values obtained with different assays, IGF-I SDS was used with reference to the normative data for the assay in question, after appropriate transformation for nonnormality data. Although these limitations are inherent to any registry-based study, the large number of adults with CO-CP and AO-CP in our series followed up on long-term GH replacement strengthens our findings.
In conclusion, we demonstrated that conventional factors that increase the risks of cardio-and cerebrovascular diseases and DM, risks for developing new intracranial tumors after radiotherapy, and lower IGF-I SDS measured at last sampling before death or at the corresponding time point from baseline for those still alive contributed to the increased morbidity and mortality of patients with CP. Close follow-up is therefore imperative for early detection of tumor recurrence in irradiated patients, and early preventive management of modifiable cardiovascular risks is important to potentially decrease the mortality of these patients.
